I. INTRODUCTION
As helicopters often operate at low altitudes under visual flight rules, there is a risk of collisions with terrestrial objects, even when weather conditions are fair [1] , [2] . Some accident reports describe collisions with high-voltage power lines or surrounding objects. To better support pilots, several detection and early warning systems have been proposed [3] , [4] . In our case, we developed a collision avoidance forward-looking low-transmitting power 76 GHz millimeter-wave radar [5] , [6] . A millimeter-wave radar such as this enables high-range resolution, small volume, and weather robustness. In addition, because millimeter-wave radar for automotive applications has received considerable attention in recent years, highperformance devices for the E-or W-bands are now commercially available at a reasonable cost.
In this paper, we discuss our investigation into circular polarization for our 76 GHz millimeter-wave helicopter collision radar. The reason for employing circular polarization is to improve the detection of high-voltage power lines. Until now, we have used a linear polarized antenna [5] ; however, it has been confirmed by power line radar cross section (RCS) measurements that circular polarization can be used to effectively detect power lines [7] . The remainder of the paper is organized as follows. First, the specifications of the newly developed circular polarized 76 GHz millimeter-wave radar are discussed. Then, the measurement results of the fabricated receiver front-end module are presented. Finally, the results of a high-voltage power line ground detection test, which will be used to evaluate the radar in future flight experiments, are presented.
II. CIRCULAR POLARIZED 76 GHZ LOW-POWER RADAR
The polarization characteristics of high-voltage power line RCS measurements in the 76 GHz band have been evaluated by experiment [7] . To detect power lines with millimeterwave radar, vertical polarization is commonly employed because the outer strands of the power lines are almost perpendicular to the vertically polarized incident waves. This makes it possible to use Bragg scattering due to the periodic structure of the outer strands. However, from the measurement results, it has also been confirmed that the specular reflection with horizontal polarization can also be used to detect power lines. Fig. 1 shows the measured RCS characteristics of typical high-voltage power lines [7] . Several reflection peaks can be seen between -20 degrees and 20 degrees. In addition, the specular reflection with horizontal polarization in the facing position is more than 10 dB. Based on these results, the detection ability of the radar can be improved by utilizing both polarizations. This is one of the motivations behind the circular polarized millimeter-wave radar. Fig. 2 shows an overview of the developed radar. The antenna is a carbon fiber reinforced plastic (CFRP) parabolic reflector antenna with azimuth mechanical scanning. A pitch active stabilizer is installed to accommodate the movement of the helicopter. The radar is designed to satisfy the requirements of the low power radar regulations in Japan [8] , and does not require a radio license. The design specifications of the radar system are listed in Table I . A stepped septum polarizer is employed in the radar system, and the measured isolation and axial ratio is about 35 dB and 1.1 dB, respectively. As a result, the antenna gain of the circular polarized primary source and CFRP reflector is 35.6 dBic. The previously developed radar system employed a direct-conversion detection method to obtain the receiving beat signal [6] . The advantage of this method is that the circuit is simple and low-cost to construct. On the other hand, it is more difficult to utilize the RF low-noise amplifier (LNA) from the previous system because the isolation between the receiving and transmitting signals is generally poor due to the use of direct signal mixing, which increases the receive noise figure (NF) and RF-IF conversion loss. Fig. 3 and Fig. 4 show a block diagram and overview of the receive 76 GHz millimeter-wave radar front-end module, which includes a Wband LNA and mixer. As described in the block diagram, the radar front-end module consists of three monolithic microwave integrated circuits (MMICs), namely, the LNA, mixer, and local signal multiplier, and a waveguide to microstrip (WG-MSL) conversion circuit. The NF and gain specifications of the LNA between 76 GHz and 77 GHz are 4.5 dB and 15 dB, respectively, and the conversion loss of the mixer MMIC is 7.5 dB. The local signal multiplier MMIC generates and amplifies the W-band local signal from the 12 GHz frequency-modulated-continuous-wave (FMCW) chirp signal. Since the W-band input port is the WR-10 waveguide, the loss in the WG-MSL conversion circuit directly affects the sensitivity of the radar. The transmission loss of the modified WG-MSL conversion circuits is less than 1.2 dB. The fundamental characteristics of the radar are evaluated to confirm its performance. Fig. 5 illustrates the measured RF-IF power characteristics of the module at 76.5 GHz. The IF frequencies are 100 kHz, 1 MHz, and 100 MHz. Some compression is observed at an input power of 0 dBm, however, linear conversion characteristics are achieved at less than 0 dBm of input power. In addition, Fig. 6 shows the measured RF-IF frequency characteristics of the receive front-end module at different IF frequencies. The measurement results show a conversion gain between 75 GHz and 82 GHz, which are wider frequency bands in the MMIC specification. In addition, the conversion gain at 76.5 GHz is between 5 and 10 dB, depending on the IF frequency. This is a reasonable value when the loss of the WG-MSL conversion circuit, LNA gain, mixer, and other losses are considered. Based on these results, the fabricated millimeter-wave radar receive front-end module achieves an almost 10 dB conversion gain and linear inputoutput power characteristics from the LNA and mixer. The NF of the front-end module is determined to be around 12 dB. III. POWER LINE DETECTION TEST Field experiments are carried out to evaluate the power line detection performance of the developed radar. In the experiment, reflections from typical high-voltage power lines are measured on the ground. In addition, the characteristics of linear vertically polarized radar and circular polarized radar are compared and the differences are highlighted.
Before conducting the experiments, the fabricated millimeter-wave radar system is certified to confirm that it met the low-power radar specification [8] . Fig. 7 and Fig. 8 illustrate how the millimeter-wave radar, high-voltage power lines, and power pylons are positioned during the ground radar detection test. As shown in the image, there are two power transition lines over the river. The target high-voltage power lines consisted of four parallel ACSR 410 mm 2 cables, and the distance between the radar and closest power lines is about 840 m. An example of the measured beat spectrum of the high-voltage power lines obtained by the circular polarized antenna is shown in Fig. 9 .
The signal processing section in the radar incorporated a field-programmable gate array circuit designed to achieve both real-time signal non-coherent and coherent integrations. sampled at 2 MS/s and converted into a frequency domain signal by a 4,096-point real-time Fast Fourier Transform calculation. In this measurement, the number of non-coherent integrations is fixed at eight, and the number of coherent integrations are 0 times, 4 times, or 16 times.
The measured beat spectrum is obtained when the radar is facing the power lines. The amplitude of reflected signal from the power lines is approximately -90 dBm at 840 m away from the radar. The signal-to-noise ratio (SNR) is about 28 dB with a four times coherent integration. Assuming a 10 dB SNR, the maximum detection range of the power lines with 4 times and 16 times coherent integration are 2,400 m and 3,700 m, respectively.
An example of the measured beat spectrum of the highvoltage power lines obtained with the linear vertically polarized antenna is shown in Fig. 10 . Note that the same transmit and receive module is used in both the circular and vertically polarized radars. A commercially available WR-10 waveguide circulator is used to isolate each signal. In addition, the antenna gains of each radar are almost the same since they both employed the same CFRP parabolic reflector and the same diameter primary source. Note that the different frequency characteristics in the receive noise floor are mainly due to the differences in the phase noise characteristics of the FMCW signal source and the frequency response of the direct direct current cut high-pass filter. By using the vertically linear polarized antenna, the amplitude of the signal for the same power line is about -100 dBm, which is almost 10 dB lower than that of the circular polarized radar. As the noise floors are almost the same at the distance of the power line, the difference in the signal amplitude is due to the polarization characteristic of the power lines. Fig. 11 shows the measured radar plan position indicator (PPI) scope (a) without and (b) with annotation, which are obtained by the circular polarized radar. This figure is a combined PPI scope of an elevation angle between -5 degrees and 5 degrees. The position of the radar here is the same as that in Fig. 7 . Log cell-averaging constant false alarm rate (CFAR) detection is employed as the threshold detection scheme. While there are many reflections visible from terrestrial objects, such as trees and buildings, the positions of the power lines and power pylons are clearly visible. The radar is located fixed height on the ground at the measurement, however, the on-board radar detection test using the actual helicopter will be planned to confirm the effectiveness of the circular polarization. Note that the automatic recognition of the high-voltage power line is one of the future works. In addition, the display method of the obstacle for the pilots or operators will be investigated.
IV. CONCLUSION
In this paper, we discussed the use of circular polarization in a 76 GHz helicopter collision avoidance millimeter-wave radar to improve its detection ability of high-voltage power lines. First, the characteristics of the 76 GHz circular polarized millimeter-wave radar were discussed. By using low-loss WG-MSL transitions and a high isolation polarizer, a receive noise figure of 12 dB was achieved. Finally, the results of a ground power line detection test showed the effectiveness of circular polarization. Our primary conclusion for improving the detection of power lines is that it is best to use both types of polarized components, and not just vertical or horizontal.
